LEGIBILITY NOTICE.

A major purpose of the Techni-
cal Information Center is to provide
the broadest dissemination possi-
ble of information contained In
DOE’s Research and Development
Reports to business, industry, the
academic community, and federal,
staie and !ocal governments.

Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.

1



LA-UR -89-3188 SRR }

Los AlamoOS Nahonal Laporatory '3 operated by Ihe University of Califormia for the Unined Siates Depariment of Energy under contract W-7405.ENG-36

LA-UR--89-3188

DE90 000693

TITLE MECHANISMS FOR CLEAVAGE AND INTERGRANULAR EMBRITTLEMENT IN FE
AUTHOR(S) M. E. Eberhart
J. M. Maclaren
SUBMITTEC TO Proceedings of 34th Army Materials Research Conference

September 2-3-, 1987, Lake George, NY

DISCLAIMER

Ihis report was prepated as an account of work sponsored by an agency af the United States
Goverament  Nerther the Linited States Covernment nor any agency thereot, nor any uf thewr
emplovees, makes wny warranty. express or i hied, o assumes any legal labibty or responsi-
bility for the accuracy, completeness, of uselulness ol any infotmation, appatatus, prsfuct, or
process disclosed. or represents that s use would not infringe privately owned rights  Reler
cnee heretn 1o any pecthic commercial product. process. or service hy trade name, trudemark,
manutacturer, or otherwine does not neve sunby comtitute or imphy 1 endorsement, recom-
mendation, or Lavonng by the United States Government of any agency thereof  The views
and opmons ol authors expeessed herein do not necessanth slate or tetledt thine ol the
Lintted States Government or any agenty thereat

“ fH gt . LI e '
YACLRDIA W LA e P DU ARe e ogr IR gt the S Goverrment ielnny 4 nOneeClugive 'Oya'ly Tre@ L @nae to PUD ST Or repDIOYd LI B
8 ' ’ \
RE L DoaRmg e ey TR ac or vy alow athery 1o g0 yo Yoo US Hhovernment purposes

g sy A AT N feat . ' N . . ~
. A .2 A ARNTATGY, e e RIN IRAL e e ey 1 g 1e g wOrh pertnrmad Gnde The Bus) e ' Ing L G Department (0t *Q
‘ e v

> /A& Los Al Nation:
Los Alarmos LzzA.zmgzﬁgg&ggaz%%%
I [ -

DISTRIBUTION OF TIHS DOCUMENT 15 IN: 141

LI [TV ST BY ST
TN e e

)


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


MECHANISMS FOR CLEAVAGE AND INTERGRANULAR EMBRITTLEMENT IN FE
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ABSTRACT

The mechanism of cleavage in bec Fe has been investigated with electronic struc-
ture calculations and compared to similar calculations modeling cleavage in other bec
materials (Li, Nb, Mo). It has been found in the BCC materials we have studied that
those known to undergo (100) cleavage show enhancement of the density of states
(DOS) on the virtual curface layer as the material is strained to failure. Using total
energy calculations it is shown that there is a point of inflection (corresponding to
the point of maximum force versus displacemnent) in the total energy at nearly the
same point as the maximum enhancement in the DOS. We conjecture that this point
represents the transition state for the fracture process. Extending these ideas, the
electronic structure near a8 Fe(111) grain boundary has been calculated both with
and without segrcgated P. We find clear evidence for the formation of a P band of
states, suggesting the existence of P-P interactions within the segregated layer. A
chemical model of strain-induced bond failure is suggested in which bonds paralle| to
the fracture aurface compete with the cohesive Fe-Fe bonds normal to the surface.

INTRODUCTION

Our approach to the study of mechanical behavior of metallic materials, and to
the study of fracture in particular, has been to use first principles quantum mechanical
calculations to study the electronic structure of a host of materials which exhibit a
variety of mechanical responses. Then correlations between the known mechanical
properties and features observed in the calculated electronic properties are used to
provide a microuwcopic undersianding. Thia i» an extension of the method by which
the structure property relationships of metallurgy were established and vepresents an
extension {rom the uncovery of relationships between crystal structure and properties.

Until recently, & Arst principles study of fracture has been complicated by an
inabuity to model the fracture process. Therefore, the correlations which have been
established are between features of the intrinsic mechanical behavior and the elec.
tronic structure of the starting (unfractured) material (1). By far the more inter-
esting and technologically rewarding area of investigation is the electronic evolution



associated with the fracture process. It is, after all, the competition between the
evolution of a crack and the emission of a dislocation which represents the deformation
process. Therefore an initial understanding of the changes in the electronic structure
accompanying cracking is an area which must be studied before s complete electronic
understanding of deformation can be obtained.

In this paper we use the layer Korringa-Kohn-Rostoker (LE.KR) electronic struc-
ture technique (2,3,4) to study the evolution of the (100) cleavage process in bec Fe
and the properties of an ideal Fe(111) grain boundary and the electronic influence of
segregated P impurities at this boundary. The LKKR approach provides an accurate
and elegant solution to the Schrodinger equation, within the self-consistent field and
local spin density approximations, for an infinite solid and only assumes translational
symmetry ir two directions. The method models an isolated defect by embedding a
slab containing the defect in two semi-iunifinite bulk regions ar:d since Fe is magnetic,
allows spin-polarization of both bulk and interface regions. The mathematica) details
and physica! approximations involved in LKKR interface calculations are discussed in
detail in refs. (2,3,4), and rather than reproduce the details here, we refer the reader
to these papers. The technique is thus ideally suited for studying interfaces in bulk
materials such as the (111) grain boundary as well as the cleavage process.

RESULTS

e (100) cleavage of Fe

The initial studiss of cleavage on the (100) planes of Fe were undertaken by
modelling a simple interface in which only two interplanar spacings were expanded
from the bulk. This geomnetry is shown schematically in Fig. 1.
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bulk bulk
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dilated region
Figure 1: Interface chosen to modai (100) cleatrage



Fig. 2a: Fe cleavage 10% expansion
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Fig. 2b: Fe cleavage 30% expansion
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Fig. 2¢: Fe cleavage 42% expansion
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Fig. 2d: Fe cleavage 50% expansion
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Four calculations have been performed corresponding to expansions between layera 4
ana 5 of 109, 30%, 42% and 50% over the bulk interplanar spacing. The DOS for
each of the layers as a function of separation for both majority and minority spius
is shown in Fig. 2. Beginning with the initial dilation of 10% (Fig 2a) the DOS
near the Fermi energy on the center layer (layer 5) is enhanced relative to the bulk,
this is particularly apparent on the spin down band. This enhancement is maximum
somewhere between 30% and 42%. (Figs. 2b and 2¢) The 12% expanded layer spacing
(Fig. 2d) produces a central three layer region where the structure is rigorously fec.
We have postuiated in a previous work (5), using ideas suggested by Bader et al. (6)
for identifying bonds from struc*ures io the total charge density, that by symmetry
fcc crystals only have first neighbor bonds though bce crystal have both first and
second neighbor bonds. Thus the 42% expansion corresponds to the breaking of the
second neighbor (100) bonds, present in all bee materials, at the interfacial layer and
should correspond to the maximum in the force versus displacement curve. To confirm
this, the total energy for the four layer separations has been computed and is shown
graphically in Figs. 3. We expect the maximum in the force versus displacement
curve to correspond to a point of inflection in the total energy versus separation curve
of Fig. 3. As is clearly seen such an inflection point exists between the 30% and 42%
dilations. Further confirmations is provided in Fig. 4, where the electronic pressure,
which corresponds to an average pressure, is plotted. A maximum in the electronic
pressure is seen at approximately the same expansion as the inflection point in the
total energy.

We take all of this information as a strong indication that the maximum in the
force versus displacement curve occurs near an interlayer spacing where the coordina-
tion is locally fcc and thus the second neighbor bonds that exist, by symmetry within
the bec structure are being broken. At this interlayer spacing, we postulate, that the
second neighbor bonds parallel to the virtual fracture surface are competing with the
second neighbor bonds across the fracture surface. At greater interlayer spacing the
formation of beunds parallel to the surface are energetically more favorable than those
across the interface and serve to lower surface energy. Hence the point of maximum
strain during (100) cleavage is the point where bonds normal to the fracture surface
are exactly compensated by bonds paraliel to the fracture surface. This conjecture
is consistent with the enhancement of the DOS near the Fermi energy (Er) on the
forming surface layer. An enhancement of the DOS near Er is a feature we associate
with the changes in bonding from perpendicular to parallel to the interface resulting
from the lifting of degeneracy along (100) directions by the strain. In an alterpative
picture, the DOS near Zr is a measure of ithe susceptibility of a system to respond
to some external perturbation. In our case the external perturbation is a stress and
the response is a strain. The enkancement of the DOS near Er on the central layer
suggests that the atomistic mechanism for cleavag? is strain localisation to the atomic
bonds across cleavage plain. In the limit of infinite separation, two free surfaces are
formed in which atomic relaxations at these surfaces will be small compared to that
between the surfaces. Thus the strain can be thought of as fully localized between
these two surfaces.
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e Electronic Structure near a (111) grain boundary in Fe

If all fracture, including environmentally induced embrittlement, is to occur by
similar atomistic mechanisms then we may expect that fracture in general is the result
of a competition between bonds normal and parallel to a virtual fracture surface.
Further, the point of maximum bond strain should be characterized by states crossing
Er, siguified by some enhancement in the DOS near Er, as in the cleavage example
discussed above. Extending these ideas, a Fe (111) grain boundary with and without
segregated P has been investigated with the LKKR approach. The unrelaxed T 3
grain boundary structure which we have examined is formed by joining a stack of
(111) planes with its mirror image. The P atoms aie placed in the centre of the
trigonal capped prisms formed at the grain boundary. This site gives a hard sphere
radius to be almost identical to that of the P covalent rsdius, thus we expect this to
be the likely segregation site at this boundary.

In accordance with orr conjecture we expect that if P embrittles this (111) bound-
ary then we would find some enhancement of the DOS near E ¢ on the boundary layer.
Accordingly, Fig. 5 shows the DOS for this grain boundary with (Fig. 5b) and with-
out (Fig. 5a) segregated P. There is significani contraction of the d-bands at the
boundary which is a direct result of the reduced coordination at the boundary. As
a consequence, the magnetic moment is enhanced from the bulk value of 2.2uB to
3.6uB at the boundary layer. Fig 5a shows a emall enhancement of the DOS neat Ef
on the boundary layer in the minority band only. The influence of P on the Fe(111)
boundary is shown in (Fig. 5b). The DOS for the interface layer is broken down into
P and Fe contributions. On summing these two contributions we find an enhancement
in the minority DOS near Er on the boundary layer (layer 4). There is also significant
P-P and Fe-P interactiona as evidenced by both the peak at -10eV in the P DOS and
the broad band features between (0 and -6eV of Er. As expected, the influence of the
P atoms on the magnetic properties of this boundary is to dramatically reduce the
:noment to 2.6uB by forming Fe-P bonds. The effect of the P impurities is to form
P-P and Fe-P bonds which will be predominantly parallel to the interface, suggesting
a weakening of the interface. The overall features of this boundary are similar to
those seen in both LKKR and cluster calculations on Ni(210) boundaries both with
and without segregated S (7). The analogy with the (100) cleavage of F2 would be the
formation of P-P and P-Fe bonds paraliel to the boundary that compete with Fe-Fe
bonds normal to the boundary. This places a strong constraint on the geometry at a
brittle boundary. If we assume that P will occupy the interstices of trigonal capped
prisms then a condition for a brittle boundary would be that these trigonal prisms
shared edges within the boundary. Thus etrain normal to the boundary will create
a condition in which the formation of P-P bonds parallel to the boundary complete
with the strained Fe-Fe bonds normal to the boundary. Note the formation of the
P-P bonds parallel to the boundary will also act to lower the surface energy, thus
promoting the tendency for P to embrittle Fe.



Fe (111) 7 layer grain boundary
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Fig 5b: Fe (111) + P 6 layer grain boundary
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CONCLUSIONS

The electronic structure of simple geometries representing an Fe(111) grain bound-
ary and Fe(100) cleavage have been calculated with the spin polarized LKKR tech-
nique. In the cleavage calculations we find that the point of inflection in the energy as
a function of separartion is close to the point where, by symmetry, the second neigh-
bor bee bonds at the intesface are broken. A signature for this is an enhancement of
the electronic DOS near Er. Calculations are currently underway to test whether a
significantly different DOS near Ef can be generated by packing polyhedra contain-
ing segregated impurities which eithar are noninteracting or share corners, edges, or
faces. In the grain boundary calculations, we find clcar evidence for the formation of
both P-P and P-Fe interactions, suggesting the weakening of the interface by pref-
erential bonding in the plane of the interface. A chemical mcdel of strain-induced
bond failure is suggested in which impurity-impurity bonds parallel to the fracture
surface compete for the cohesive Fe-Fe bonds normal to the surface. Such a situation
is conjectured to produce t'ie enhancement of the DOS near Ep consistent with the
changes thought to be a prerequisite for brittle failure.
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